We report the experimental observation of a Coherent Population Oscillation (CPO) based light storage in an atomic vapor cell at room temperature. Using the ultranarrow CPOs between the ground levels of a Λ system selected by polarization in metastable 4 He, such a light storage is experimentally shown to be phase preserving. As it does not involve any atomic coherences it has the advantage of being robust to dephasing effects such as small magnetic field inhomogeneities. The storage time is limited by the population lifetime of the ground states of the Λ system. PACS numbers: 42.50.Md
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Because they are essential for the development of many devices in quantum communication networks, optical memories have become a very active research field in the area of quantum information processing. Different approaches have been developed to store light in atomic system excitations, such as photon-echo or Electromagnetically Induced Transparency (EIT) based memories [1] . In gas cells, high efficiencies were obtained in alkali atoms [2] -mainly rubidium -using EIT close to [3] or far-off optical resonance [4] , Gradient Echo Memories (GEM) [5] or four-wave mixing [6] . All these methods are based on the excitation of coherence between atomic levels. They can consequently be efficiently implemented only in systems in which these coherences have a long lifetime. The storage time and the efficiency are thus highly sensitive to all dephasing mechanisms such as, e.g., magnetic field inhomogeneities.
Another protocol based on long-lived Coherent Population Oscillation (CPO) was theoretically proposed to implement spatial optical memories [7] . CPO occurs in a two-level system (TLS) when two coherent electromagnetic fields of different amplitudes and frequencies drive the same transition. If the weak field is slightly detuned from the much stronger one, the beat note can lead to a temporal modulation of the population difference between the excited and ground states. As a result, the absorption of the probe field is reduced. The width of the corresponding transparency window is then limited by the decay rate of the upper level Γ 0 [8, 9] . In order to increase the lifetime of the memory, the idea was to use a TLS whose upper level population decays via a shelving state. Such a process was not expected to allow the retrieval of the temporal shape of the stored pulse but only its spatial profile. In the present letter, we report what is to our knowledge the first experimental demonstration of storage based on CPO. We do not use a TLS assisted by shelving state, but a Λ system composed of two coupled TLSs, which gives rise to an ultranarrow CPO resonance due to the transfer of population modulations to CPOs between the lower states of the Λ system [10] . Contrary to EIT-based storage for which the electromagnetic He. The orthogonally polarized coupling and probe beams of optical frequencies ωc and ωp and Rabi frequencies ωc and Ωc and Ωp respectively, are separated or recombined with polarizing beam splitters (PBS). They are controlled in frequency and amplitude by acousto-optic modulators (AOc and AOp). λ/4 plates can be added to generate circular polarizations (EIT configuration). The helium cell can be protected from stray magnetic fields by a µ-metal shielding. A solenoid can provide a longitudinal B-field. A piezoelectric transducer is used for homodyne detection. The recorded signal shows a leak followed by a retrieved pulse after a storage time τ . Inset: Recorded leak and retrieved signals after data processing.
field is encoded in atomic coherences, it does not involve atomic coherences and is thus robust to dephasing effects such as small magnetic field inhomogeneities.
The experiment is based on the 2 3 S 1 → 2 3 P 1 (D1) transition of helium, that permits one to isolate a pure Λ system involving only electronic spins [10] . The experimental setup is shown in Fig. 1 . The helium cell filled with 1 Torr of 4 He can be placed into a threelayer µ-metal shield to remove magnetic fields gradients. It can be translated inside the shielding to induce more or less such inhomogeneities. In these conditions, the Doppler broadened transition half-width at m= -1 0 1
(a) circ ⊥ circ: σ + coupling beam and σ − probe beam; (b) lin ⊥ lin configurations with a magnetic field that lifts the Zeeman degeneracy by a quantity ∆Z . For zero magnetic field in a circ ⊥ circ configuration, EIT occurs for coupling and probe beams of the same frequency. With a longitudinal magnetic field, two EIT resonances occur for coupling and probe frequency detunings of ±∆Z . For coupling and probe beams of the same frequency, there is no two photon resonance, and the transmission is enhanced by ultranarrow CPO [10] .
half-maximum is about 0.9 GHz, but the optical pumping is effective over approximately half of the Doppler profile [11] . Helium atoms are excited to the metastable state by a RF discharge at 27 MHz. Depending on the RF discharge, the linear transmission of a small probe is measured to lie between 0.1% and 0.15%. The probe and coupling beams are derived from the same laser at 1083 nm and their diameters are about 3 mm inside the cell. They are controlled in frequency and amplitude by two acousto-optic modulators (AOs) and recombined with a polarizing beam splitter (PBS). Depending on whether we wish to obtain ultranarrow CPO [10] or pure EIT [11] , we can make the incident beams either linearly or circularly polarized, respectively, by adding a quarterwave plate in the path of the beams. The power of the coupling beam is set between 14 and 17 mW, which is equivalent to a coupling Rabi frequency Ω C /2π between 28 and 30 MHz. The probe beam power is about 90 µW. After the cell, polarization optics allow detection of only the probe beam. In these conditions, the delays associated to the CPO or EIT transmission resonances are 1 to 2 µs long. A solenoid surrounding the cell generates an adjustable longitudinal magnetic field B that lifts the degeneracy between the Zeeman sublevels by a quantity ∆ Z = gµ B B, so that the ground levels are separated by 2∆ Z [see Fig. 2(a) ]. g = 2 is the Landé Factor for levels 2 3 S 1 and 2 3 P 1 , and µ B is the Bohr magneton, which gives a Zeeman shift of 5.6 MHz/Gauss between the two involved sublevels.
In the usual configuration for EIT along the D1 transition [11] , the pump and probe beams are circularly and orthogonally polarized (circ ⊥ circ configuration). Since the m = 0 → m = 0 transition is forbidden, a σ + coupling beam pumps the atoms into the m = +1 ground-state sublevel, which is probed by a σ − beam [see Fig. 2(a) ]. EIT occurs at Raman resonance, when the coupling and probe optical detunings are equal: a B-field (kHz) Probe intensity (arb. unit)
Transmission profiles (a) inside the µ-metal and (b) at the edge of the µ-metal shielding in: (i) the lin ⊥ lin configuration and a 0.7 Gauss longitudinal magnetic field (in red); (ii) the circ ⊥ circ configuration and a 0.7 Gauss longitudinal magnetic field (in grey); (iii) the circ ⊥ circ configuration and no longitudinal magnetic field (in black). In the (ii) case, there is no EIT resonance for coupling and probe beams of the same frequency: in the (i) case with linear polarizations, the resonance is thus only due to CPO.
will shift the two-photon resonance by a frequency 2∆ Z . When the coupling beam is linearly polarized (lin ⊥ lin configuration), it excites both transitions of the Λ system and atoms are equally pumped into both m = ±1 sublevels [see Fig. 2(b) ]. A perpendicularly polarized probe beam can then couple both arms, so that we have two Λ-systems leading to two EIT resonances that can be separated with a longitudinal magnetic field. We showed previously that an ultra-narrow CPO resonance is then added to the two EIT resonances [10] : when the longitudinal magnetic field is added, a narrow peak remains for a coupling and a probe beam of the same frequency, which does not correspond to any Raman resonance.
The linewidth of this CPO resonance is much narrower than usual CPO resonances, which are limited by the population decay rate of the upper level. In this case, CPOs are transferred to CPOs between the ground levels, and their lifetime is limited by the decay rate of the population of these levels, e.g., the transit time of the atoms through the laser beam. The width of such resonances is thus unaffected by the introduction of magnetic field gradients that would on the contrary decrease the lifetime of the coherence and thus enlarge EIT resonances. the cell is at the side of the µ-metal shielding, so that the ground level remains degenerate and EIT occurs for the same coupling and probe frequencies). Its width is clearly increased by magnetic field inhomogeneities when the cell is at the edge of the shielding [see the black line in Fig. 3(b) ], while the CPO resonance remains the same. At this position, the magnetic field is very inhomogeneous, but its typical value is only a few tens of milligauss. The CPO storage experiments are performed in the lin ⊥ lin configuration, and compared to EIT storage experiments performed in the circ ⊥ circ configuration. Similarly to conditions used to record the CPO resonance profile of Figs. 3(a) and 3(b) , a 0.7 Gauss magnetic field is applied, which allows us to completely remove EIT storage. We use the same storage sequence for CPO and EIT storage. The coupling beam is first switched on. The probe beam is then progressively turned on with an exponential shape, followed by an abrupt decrease. Once the pulse has entered the helium cell, the coupling beam is suddenly switched off. After a storage time τ that can be varied, the coupling beam is suddenly switched on again and the retrieved pulse is released.
The storage efficiency (ratio of the energy of the retrieved pulse by the energy of the incident pulse) is measured by recording the retrieved signal intensity and the incident probe pulse intensity versus time: the storage efficiency is the ratio between the areas of these two profiles. As the coupling beam cannot be fully suppressed by polarization optics before the detection, we actually performed a homodyne detection using the leakage of the coupling as a local oscillator. As shown Fig. 1 , one of the mirrors used for the coupling beam is mounted on a piezoelectric transducer, which makes it possible to modulate the phase shift ∆ϕ between the local oscillator and the EIT storage (open black squares) measurements are performed with a 1 GHz optical detuning, which gives better efficiencies [12] . Continuous lines are exponential fits: compared to Fig. 4 , the decay time remains the same for CPO but is strongly decreased down to 0.6 µs for EIT storage.
released light pulse. The detected signal is accumulated for many different values of ∆ϕ, and the upper and lower parts of the recorded envelope correspond to relative phases between the coupling and retrieved probe pulse given by ∆ϕ = k.2π and ∆ϕ = π + k.2π, where k is an integer. The coupling intensity I C is measured for each record, and the probe intensity I P is deduced from the two beam interference formula I C +I P +2 √ I C I P cos(∆ϕ). The decrease of contrast, due to a possible small angle between the beams and to their non-planar wavefronts, is taken into account by replacing the factor 2 in the interference term by a factor α, as in reference [12] : I C + I P + α √ I C I P cos(∆ϕ). α is measured for each set of data and found to be larger than 1.7 for the results reported here. The inset in Fig. 1 shows a typical probe signal obtained from the recorded interference signal after data processing. The first detected peak is the leak that is transmitted through the cell, due to its finite absorption. Once the coupling beam has been switched on again, the retrieved signal is clearly visible.
We need here to record several sets of data in order to be able to extract the amplitude and phase of the retrieved pulse by homodyne detection. But in a real implementation of CPO storage, one would i) optimize the quality of the extinction ratio of the polarizers and ii) introduce a small angle between coupling and probe in order to be able to detect the probe only (and thus eliminate the coupling). Then the CPO memory would work in single shot, just like usual EIT-based memories.
Storage results are reported in Figs. 4 and 5. All the CPO storage measurements shown here are made for zero detuning between the probe and the coupling beam (δ = 0). Fig. 4 shows the evolution of CPO and EIT storage efficiencies as a function of the storage time when the cell is at the center of the µ-metal shielding (the magnetic field gradients in the atom cell are negligible). In both cases, one can see an exponential decay with a time constant approximately equal to 10µs. In order to make sure that the CPO efficiencies measured are related to a CPO mechanism and not due to a remaining EIT process, we first checked that the EIT storage efficiency measured in the circ ⊥ circ configuration in the same condition (with the same magnetic field) is zero. Furthermore, we checked that the CPO storage is unaffected by magnetic field gradients that decrease the lifetime of the atomic coherence by performing the same experiment with the cell at the edge of the µ-metal shielding. For EIT storage experiments, a very small longitudinal magnetic field is added to compensate for the average DC longitudinal B-field and center the EIT so that the two photon resonance occurs for the same coupling and beam frequencies. The coupling beam was also detuned by approximately 2 GHz from the center of the Doppler profile to achieve better efficiencies [12] : at the center of the Doppler line, the efficiencies were too low to record retrieved pulses for more than a few µs. The results are plotted in Fig. 5 : we again obtain a 10µs exponential decay time constant for CPO storage while the EIT storage efficiencies decrease much faster, with a time constant smaller than 1µs. This last result for EIT is expected, as light is stored into atomic coherences, which are very sensitive to magnetic field gradients. In the case of storage based on CPOs, population oscillations remain the same in the presence of magnetic field inhomogeneities, so such atomic states can be perturbatively considered to remain the same. We have also checked that a longitudinal magnetic field does not help to try and decrease random rotations of the spin induced by magnetic field inhomogeneities. Indeed, we observed that EIT storage in the presence of magnetic field inhomogeneities and a non zero longitudinal magnetic field is very weak and can hardly be detected. Finally, the small differences of CPO storage efficiency levels between Figs. 4 and 5 might be explained by small misalignments due to the displacement of the cell along the shield and a change in the optical depth (the discharge used to produce metastable helium is slightly modified by the displacement and the field gradients).
The fact that CPO-based storage preserves the phase is visible using the homodyne detection [12] , which measures the relative phase between the coupling and the leak, and between the coupling and the retrieved pulse. Fig. 6 shows two signals recorded for different values of this relative phase. The black curve (i) corresponds to constructive interference and the red one (ii) to destructive interference for both the leak and the retrieved pulse. We checked that the same conservation of the phase of stored light occurs for all phase shifts between the coupling and probe beams. When the phase of the coupling beam is scanned, the relative phase is indeed always the same for both the leak and retrieved pulses, which shows that the phase of the probe pulse is preserved during the storage and retrieval process.
In conclusion, we have observed CPO-based storage in a metastable helium gas cell at room temperature, using a Λ system selected by polarization. This light storage technique is shown to be phase preserving, and contrary to EIT-based light storage, it is robust to dephasing mechanisms, illustrated here by magnetic field inhomogeneities. The relatively low efficiencies are partly due to the fact that the optical density is lower in the presence of the magnetic field, probably because it changes the discharge that populates the metastable state: compared to the results obtained previously with EIT storage [12] , the number of metastable helium atoms is decreased. The lifetime of the memory is about 10 µs, but it is limited by the transit of the atoms through the laser beam. The efficiency and lifetime of CPO-based storage can thus probably be increased using other motionless Λ-systems or a broader laser beam.
The present results open the way to the design of new quantum memories based on solid-state materials that could exhibit Λ-systems usable at room temperature [13] . Theoretical models should be developped understand the limits of such a storage scheme, evaluate the maximum efficiencies that can be obtained and investigate possible deformation effects under high optical density conditions [14] . Following the proposal published by [15] about narrowband biphoton sources using CPO in a TLS decaying via a shelving state, CPO in a Λ-system might also be used for photon pair generation.
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